Quantitative trait loci affecting milk yield, health, and type traits were studied for seven large U.S. Holstein grandsire families using the granddaughter design. Seventy microsatellite markers located throughout the genome were selected for the quantitative trait loci scan. Effects of marker alleles were analyzed for 30 traits (21 type traits, 5 milk traits, 2 calving ease traits, and somatic cell score and productive life) and 16 canonical traits derived from type and production traits. Previously we reported results from 36 of these markers but have re-evaluated those results using a more robust analysis method. We report results from all 70 markers using permutation tests to calculate experiment-wise significance values, replacing the less stringent comparison-wise values previously reported. With this new methodology we detected 9 putative quantitative trait loci within specific families. Four markers were associated with effects on type traits on chromosomes 4, 5, 14, and 23. Two markers were associated with effects on protein percentage on chromosomes 6 and 14, and 3 markers were associated with effects on productive life on chromosomes 2, 21, and 23. Although these initial 70 microsatellite markers have been completed in the 7 Holstein families, additional markers will need to be added to allow interval analysis of areas where putative QTL have been identified and to increase marker density where needed. (Key words: quantitative trait loci, microsatellite markers, type traits, milk production traits) Abbreviation key: DBDR = Dairy Bull DNA Repository, DD = daughter deviation, PCR = polymerase chain reaction, QTL = quantitative trait loci, STA = standardized PTA.
INTRODUCTION
Detection of quantitative or economic trait loci for cattle has become feasible in the last 5 yr due to the produc-tion of linkage maps composed of mostly microsatellite markers (5, 6, 7, 15) . In 1994 we initiated a study to identify quantitative trait loci (QTL) affecting somatic cell scores in an existing US Holstein population. To carry out this study we selected 7 large families from the Dairy Bull DNA Repository [DBDR; (9) ], which is a resource population for mapping dairy QTL using the granddaughter design (24) . These families were selected from the DBDR based on the number of sons from which semen was available and the number of daughters with milk somatic cell information represented by each son (greater than 50 daughters per son). After genotyping began in these 7 families, we expanded our project to identify QTL affecting milk production, calving ease, and type traits in addition to the somatic cell score trait because these data are readily available from DHIA, National Association of Animal Breeders, and Holstein Association USA (13) .
To date there has been little consensus in the QTL mapping community on how data from QTL studies such as ours should be analyzed and what significance thresholds should be used to detect and report QTL. Within the last few years there have been many reports of QTL identified through genome-wide scans in different breeds of dairy cattle, most using different statistical methods for QTL detection (10, 11, 12, 16, 21, 22, 25) . We (1, 2, 3, 4) have used ANOVA as a simple approach to detect QTL and in most cases used P < 0.01 as our significance threshold. However, when data are analyzed within families for all available production and type traits, thousands of statistical tests are completed, increasing the potential for Type I error. To help account for this, we have recently incorporated the permutation test described by Churchill and Doerge (8) to calculate experiment-wise significance values. Therefore we report results from 34 markers recently genotyped in the 7 DBDR families in addition to a re-evaluation of our previously reported data from 36 markers using the permutation test.
MATERIALS AND METHODS

Source of Materials
Semen samples from seven large Holstein families were selected from the Dairy Bull DNA Repository (DBDR; 9), which is a collection of semen from 35 halfsib families in the granddaughter design (24) . From 846 US Holstein bulls, DNA was isolated using a lysis and phenol-chloroform protocol as previously described (3) .
November 1998 data for milk yield and composition, SCS and productive life were provided by DHIA and processed as part of the routine genetic evaluation procedure by the Animal Improvement Programs Laboratory of ARS. Type-trait genetic evaluation data from the November 1998 genetic evaluation were provided by the Holstein Association USA (13) . Composite indexes (udder, feet and legs, dairy capacity, and body form) were used as defined by the Holstein Association USA (13) . In addition, PTA from a National Association of Animal Breeders calving ease evaluation for 1996 were obtained (P. J. Berger, 1997, personal communication).
Microsatellite Markers
The 70 markers used in this study were selected from the USDA linkage map (7). Markers were selected based on their ability to co-amplify with other markers and on the size of the amplification product. Marker information, including polymerase chain reaction (PCR) conditions, primer sequences, and linkage map locations, was reported by Bishop et al. (7) and is also available at the Meat Animal Research Center website (http://sol.marc.usda.gov). Marker allele information was previously described for 36 of the 70 markers (1, 2, 3, 4) . Allele data from the latest 34 microsatellite markers are given in Table 1 . The PCR for these 34 markers was performed using fluorescent primers as previously described (4) . Amplification products were separated on a 5% Long Ranger (FMC, Rockland, ME) denaturing polyacrylamide gel and were analyzed on an ABI 377 Automated DNA Sequencer (Foster City, CA).
Statistical Analysis
The PTA or standardized PTA (STA) for the type traits, PTA for calving ease traits, and PTA and daughter deviations (DD) for the health and milk yield traits were analyzed for marker effects within each heterozygous grandsire family using single-trait analysis implemented by PROC MIXED of SAS (19) . The statistical model used was
where Y ijkl is the adjusted DD, PTA, or STA for trait i of son l of sire j that inherited marker allele k; S ij is the effect of sire j for trait i (excluding effects linked to the marker investigated); M ijk is the effect of marker allele k of sire j on trait i; and e ijkl is the random residual.
Journal of Dairy Science Vol. 82, No. 11, 1999 Observations were weighted by the son reliability for trait i, which is proportional to the reciprocal of the variance of the daughter yield deviations. One-half of the dam PTA was subtracted from the DD of each son for milk, protein, and fat yields and percentages, and SCS. Both within-and across-family analyses were conducted. Within-family analyses correspond to a single degree of freedom contrast of M effects for the two alleles segregating in sire j, whereas the across-family analysis tests for the evidence of different M effects across family. Note that marker effects are nested within sire family so that no assumptions are made regarding phase of QTL allelic effects in the across-family analysis. In this analysis, a significant marker effect was taken to indicate the presence of one or more closely linked QTL. Because of limited marker density, multiple marker methods, including interval analyses, were not possible.
Canonical trait analyses were conducted as described by Weller et al. (25) . The 17 linear type trait STA were analyzed using a correlation matrix combined from several sources [(17, 18, 20) , T. J. Lawlor, 1998, personal communication]. Because the combined matrix of genetic correlations was not positive definite, the genetic correlation of foot angle and feet and leg score was changed from 0.88 to 0.82, resulting in a valid correlation matrix. Milk, fat, protein, and SCS were analyzed using genetic (co)variances obtained from unpublished research (P. M. VanRaden, 1998, personal communication). As in the Weller et al. (25) example, a reduction in number of traits analyzed is possible, because a reduced number of traits accounted for a large fraction of the total variation. For the 17 conformation traits, the most important transformed trait accounted for over 31% of the variation, and 95 and 99% of the variation was accounted for by 10 and 13 transformed traits, respectively. The situation was quite similar for the production traits in which one transformed trait accounted for 69% of the variation, and the remaining transformed traits contributed 17, 11, and 2% of the variation. Results for only the first 13 canonical traits for type and first 3 canonical traits for production traits were considered for this analysis.
Empirical trait-wise P values (noted as P e ) were obtained using an algorithm based on the approach of Churchill and Doerge (8) . Values were obtained by generating 1000 data sets, each with phenotypes (i.e., adjusted DD, PTA, and STA) permuted and genotypes in original order (i.e., phenotypes in random order with all phenotypes represented in the data and genotypes in original order). Next, P values were calculated for each permuted data set with the mixed procedure of SAS. The model and procedure were used as with the original data for tests of marker-family tests and for tests of markers across families. The maximum value across all markers and all families (within trait) was retained. Finally, P e values were determined as the rank of the P value calculated using the original data when compared with a sorted list of P values obtained from 1000 permuted data sets. These P e values represented experiment-wise P values for each trait for the markers evaluated in this study.
RESULTS AND DISCUSSION
This genome-wide scan of the bovine genome to identify putative QTL of economic importance now includes genotypic data for 70 markers on 29 chromosomes. Table  1 details the information content of the latest 34 microsatellite markers; information for the remaining markers has been reported elsewhere (1, 2, 3, 4) .
Seven Holstein grandsire families were selected from the DBDR for QTL screening. On average, 4 of the 7 grandsires were heterozygous at the 70 selected markers. Transmission of the grandsire alleles to sons could be followed in 70.8% of the sons from heterozygous grandsires. This number was smaller than the total number of sons genotyped because dam genotypes were unknown, so transmission of the alleles could not be followed when the son and grandsire had identical genotypes.
Data from 30 traits (21 type traits, 5 milk yield and composition traits, 2 calving ease traits, and SCS and productive life) and 16 canonical traits were used in the analysis. Analyses were conducted both within family (Table 2 ) and across grandsire families (Table 3) . Results are given with a comparison-wise P value (P c ) and an experiment-wise P value (P e ). Only effects with an experiment-wise P value of 0.1 are reported. The critical value of 0.1 was chosen to guard against high Type II error rates (i.e., to prevent overlooking true QTL because of conservative tests). In previous manuscripts (1, 2, 3, 4) we have reported the number of significant associations that were expected by chance and the number of significant associations observed in an attempt to deal with the large number of tests that were performed in the experiment. Here we have employed an experiment-wise P value using permutation methods to account for the Units of marker allele differences (smaller-sized allele minus larger-sized allele): PTA or daughter deviation (DD) milk, fat, protein yield reported in kilograms; SCS adjusted to log base 2 of the concentration; percentages of protein and fat reported as percentage of (protein or fat yield/milk yield); productive life reported as months of life, limited to 7 yr of age and 10 mo per lactation. 2 Composite Index.
large number of tests performed. An advantage of the permutation-based P e values is that these values are based on nonparametric methods and, therefore, account for specific characteristics of the experiment, including phenotypic distribution and sample size. Tests using the P c and P e values identified very similar marker-trait associations using thresholds of P c < 0.001 and P e < 0.1.
Based on our findings from the latest 34 markers, we have identified two putative QTL affecting udder traits, one QTL affecting productive life, and one QTL affecting protein percentage within these DBDR families (Table  2) . Although significant associations (P e < 0.1) were found with single traits in single families, other traits showed associations with some of these markers but at a less stringent threshold of P c < 0.01. Although BP1 on chromosome 5 showed an experiment-wise significant association in family 1 with rear udder width, other udder traits (rear udder height, front teat placement) as well as dairy form and canonical type trait 4 were significant with this marker at P c < 0.01. Similarly, for family 9 on chromosome 6, in addition to the affect on protein percentage, associations between BP7 with milk yield and fat percentage were significant at P c < 0.01. While these results were not significant at an experiment-wise level and required verification, these observations may indicate the presence of a gene or genes that affect more than one economically important trait.
Two of these significant marker-trait associations found within families were significant in the across family analysis (Table 3 ) and may explain why these across family associations were significant. However, several other marker-trait associations were significant in the across family analysis but were not significant within any specific family at P e < 0.1. At a more liberal threshold of P c < 0.01 at least one specific family showed a markerJournal of Dairy Science Vol. 82, No. 11, 1999 trait association for each of the associations found in the across-family analysis in Table 3 . These less significant associations may explain why several more across family associations were found to be significant when no individual families had the same significant marker-trait associations. This is the first report of these putative QTL with the exception of the QTL on chromosome 6.
Previously, we (2), as well as others (10, 11, 12, 16, 21, 22, 26) , have reported at least one QTL on chromosome 6 affecting milk production traits. In a previous report (2), we described significant (P c = 0.00001) results from marker BM415, which is approximately 15 cM from BP7 (reported here). Upon use of the permutative test threshold, we still detect a significant marker-trait association (P e = 0.002) between BM415 and protein percentage. Significant results (P e < 0.1) were found with both markers in family 9. Comparison of the two marker alleles showed a similar trend with both markers in which the direction of change in milk yield was opposite of the direction of change in protein and fat percentages. The same trend was found by others (10, 11, 21) for the markers they investigated on chromosome 6. However, these studies may be detecting other QTL on the chromosome, closer to the centromere. The region where the most significant results were found is at least 28 cM from the markers we have studied and found significant. Additional genotyping of more centromeric markers is planned to investigate the possibility of a second QTL on chromosome 6 using an interval analysis.
Although evidence for QTL associated for productive life were identified, only QTL for productive life PTA were identified (i.e., no QTL for productive life DD were found). Simulation studies have indicated that DD are more accurate than PTA for QTL identification (14) . In the case of productive life, the DD and PTA are not directly comparable, however, because DD include direct information on herd life, whereas PTA for productive life blend this information with conformation trait information for traits that are correlated with productive life (23) . As a result of this blending, the accuracy of PTA increases, and the ability to detect QTL appears to be superior to that of the DD based solely on herd life data. This difference has been noted by other researchers (P. J. Boettcher, 1999, personal communication) . If the number of significant tests expected under the null hypothesis (i.e., no QTL present in the genome linked to markers investigated) is compared with the number observed, substantial evidence exists for QTL in this population. This finding was not surprising, because the null statistical hypothesis was not a logical biological one. As expected, reanalysis of the data from the earlier 36 markers produced fewer significant associations than originally reported because the more stringent threshold of P e was used here. A total of 16,539 trait-marker-family combinations were present in these data, resulting in 17 significant tests expected for within family analysis using 0.001 comparison-wise significance thresholds, and 37 were actually observed. For the significance threshold of 0.01, a total of 271 significant tests were observed, but only 165 are expected by chance. Similarly, for across-family analyses, a total of 3795 trait-marker combinations were present. With this many tests, 4 and 38 significant tests were expected for the across family analysis using significance levels of 0.001 and 0.01, respectively. A total of 11 and 77 significant results were observed at these levels. Finally, a total of 54 traits (ordinary and canonical) were analyzed resulting in five expected significant tests using the empirical trait-wise P e values of 0.1 for both within-and across-family analyses, and 11 and 7 were observed. Note that results for PTA that were redundant with DD results were not included in Tables 2 and 3 but are included in these counts. Four of the within-family effects were detected with the latest 34 markers as discussed above. The significant effects associated with BM415, BM302, and BM6425 (Table 2) significant effects associated with BM103, BM1818, and 513 (Table 2) have not been previously detected because data from the canonical traits and the PTA for productive life have not been included in previous analyses. Similarly, significant across-family effects associated with BMS2519, BP7, BMS2213, and BP20 were detected with the latest 34 markers. The other significant across-family effects associated with BM415, BM4028, and BM6425 have not been previously detected because across familyanalyses have not been conducted.
To date we have genotyped 70 microsatellite markers in these 7 DBDR families with 1 to 8 markers on each autosome. Many more markers need to be used to complete our genome-wide scan because not all grandsires were heterozygous at the selected markers and the marker spacing was often large. Our focus will now be two-fold: first, to concentrate on areas where putative QTL have been identified and, second, to select and genotype additional markers in regions where marker spacing is greater than 10 cM. Genotyping of additional markers will help confirm putative QTL and identify others missed because of insufficient genotypic information.
CONCLUSIONS
This study found associations between 10 microsatellite markers and QTL for milk production, type, and productive life type traits in five US Holstein families using genotypic data from 70 markers located throughout the genome. These results indicated that chromosome 14 may have a QTL affecting protein percentage; chromosomes 2, 21, and 23 may have QTL affecting productive life; and chromosomes 4, 5, 14, and 23 may have QTL affecting udder type traits. These results also provide additional support of a QTL on chromosome 6 affecting protein percentage. These findings should help researchers identify the most useful markers available for QTL detection and, eventually, for marker-assisted selection for improvement of these traits.
